INTRODUCTION
Merkel cell carcinoma (MCC) is a neuroendocrine skin cancer associated with advanced age, ultraviolet exposure, and immune suppression (approximately 10% of this patient population is chronically immune suppressed). 1, 2 Recently, MCC has gained attention for two reasons. The first is its rapidly increasing reported incidence (incidence rate in the United States tripled from 0.2 cases per 100,000 in 1986 to 0.6 per 100,000 in 2006).
2,3 Second, MCC has been linked to the recently discovered Merkel cell polyomavirus, a finding that has been validated by multiple groups worldwide. [4] [5] [6] [7] [8] [9] [10] MCC can be aggressive and has a mortality rate more than twice that of melanoma. Indeed, the MCC-attributable mortality is 46% at 5 years.
11 Furthermore, little is known about factors associated with MCC pathogenesis and progression. 12 The current staging system for MCC is based on two factors: size (largest dimension) of the primary tumor and extent of disease spread at diagnosis. 13 Tumor dimension is of limited prognostic value, providing only a 15% relative survival difference at 5 years between patients with small local (Յ 2 cm) and large local (Ͼ 2 cm) disease. 11 This means that patients in the best prognostic category for MCC (stage Ia, local tumor Յ 2 cm with pathologically proven negative JOURNAL OF CLINICAL ONCOLOGY nodal status) still have a disease-associated mortality of 21% at 5 years. This statistic contrasts with the best prognosis (stage Ia) patients with melanoma who have 4.7% cancer-associated mortality at 5 years.
14 Currently, there are no established biomarkers that can improve the prognostic accuracy of the MCC staging system.
We hypothesized that an unbiased mRNA profiling approach comparing MCC tumors from patients with good and poor outcomes might reveal important aspects of MCC pathogenesis and identify new prognostic markers. In this study, we employed transcriptome-wide mRNA profiling followed by gene set enrichment analyses to isolate factors that differentiate patients with MCC with excellent clinical outcomes from those with rapidly progressive disease. In order to determine prognostic utility, array findings were validated by immunohistochemistry on an independent set of 146 clinically annotated MCC tumors.
PATIENTS AND METHODS

Patients and Tumors
Studies were performed in accordance with Helsinki principles and approved by the institutional review board of the Fred Hutchinson Cancer Research Center and the University Clinic of Wuerzburg. Patient materials and clinical information used in this study were obtained from the MCC Tissue and Data Repository. Patients were diagnosed with MCC between 1980 and 2009. MCC diagnosis was confirmed by at least two pathologists. Fresh tumor tissues originated from three centers in Europe, Australia, and the United States. Paraffin blocks from patients enrolled in this repository were obtained from more than 100 distinct pathology laboratories, and were sectioned and stained in a central study-associated laboratory.
Determination of Virus Status
Patients with available DNA (n ϭ 80) were characterized as Merkel cell polyomavirus (MCPyV or MCV) positive or MCPyV negative using real-time polymerase chain reaction (PCR), as published. 15 Virus status on some patients has been previously reported. 15 The lower limit of detection was approximately 1 copy per 1,000 cells.
mRNA Profiling and Analysis
Fresh MCC tumors from Europe and Australia were flash frozen. MCC tumors from the United States were preserved in RNA-Later (Ambion, Austin, TX). All tumors were macrodissected from surrounding stroma. RNA isolation was performed with RNeasy or Allprep Mini kits (Qiagen, Alameda, CA). RNA was quantified by RiboGreen RNA Quantitation Reagent (Invitrogen, Carlsbad, CA) and its quality assessed by Agilent RNA 6000 Pico Kit (Agilent, Santa Clara, CA) in an Agilent 2100 Bioanalyzer. Samples were amplified and labeled using Ovation WB protocol (NuGEN Technologies, San Carlos, CA). Resulting cDNAs were hybridized to the Human Rosetta Custom Affymetrix 2.0 Chip (Affymetrix, Santa Clara, CA) in a single batch at Rosetta Inpharmatics. Images were analyzed by Affymetrix GeneChip Operating Software and processed further to derive sequence-based intensities by the robust multichip average algorithm. Although 40 tumors were profiled, five tumors failed standard Rosetta quality control guidelines and were excluded from analysis; 35 tumors from 34 patients were included for gene expression analysis. No country-of-origin specific patterns were observed, and samples from different continents readily admixed on two-dimensional unbiased clustering. Expression data has been made publicly available in the GEO database (accession number GSE22396).
Patient Stratification for mRNA Profiling Studies
Because long-term follow-up was not available for all patients and because primary, recurrent, and metastatic lesions were studied, a prognostic stratification was used. Cases were separated into the following clinical/prognostic groups: poor prognosis (MCC presented with or progressed to distant metastasis), moderate prognosis (recurrent local disease, development of nodal metastasis, or nodal disease at presentation with no progression during follow-up of fewer than 24 months), or favorable prognosis (local disease presentation with no subsequent recurrence or nodal disease at presentation with no progression during follow-up of longer than 24 months).
Reverse Transcriptase PCR
Adequate RNA remained after gene expression profiling for subsequent studies on 33 (94%) of 35 samples. Reverse transcription was performed using a random-primed reverse transcription kit (Applied Biosystems, Carlsbad, CA). Taqman real-time PCR was performed on an ABI 7900 HT machine with commercially available assays and cycling conditions recommended by the manufacturer (Applied Biosystems). Transcripts for the following genes were analyzed: CD8a, CXCL10, GZMB, and IFNG, with 18s RNA serving as input control (Applied Biosystems). Relative quantities of RNA were determined using the ⌬⌬CT method.
CD8 Immunohistochemistry
Among 35 patients in the microarray set, 20 (57%) had available formalin-fixed paraffin-embedded material corresponding to the same lesion. An additional 146 patients with MCC comprised the validation set. In the event a patient had multiple tissues available, data from only one specimen was included according to the following hierarchy for selection: primary (most cases) Ͼ nodal metastasis or presenting node Ͼ recurrence Ͼ skin metastasis Ͼ distant metastasis. CD8a immunohistochemistry was performed with antibody 4B11 (Novocastra, Bannockburn, IL) at a 1:200 dilution. Epitope retrieval was heat induced and unmasking performed in pH 8 buffer.
CD8 scoring was performed by an observer who was blinded to patient characteristics, including outcome. Peritumoral and intratumoral CD8ϩ infiltrates were each semiquantitatively scored on a 0 to 5 scale with 0 representing no CD8 cells and 5 representing a strong CD8 infiltrate (Data Supplement, online only). The scoring system was established before data collection in the validation set, and the 0 to 5 score was used as a continuous variable in Cox regression survival analyses (details below).
To determine intraobserver variability, an independent pathologist who was blinded to both patient outcome and scores from the initial observer scored a random sample of 41 patients. A weighted statistic was calculated, with identical scores being weighted as 1, scores 1 bin apart weighted as 0.8, and all others counted as 0. The observed agreement was 85% and calculated was 0.65, consistent with substantial agreement between observers.
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Tumor-Infiltrating Lymphocyte Scoring and Staging
Tumor-infiltrating lymphocytes (TILs) were scored on hematoxylin and eosin-stained sections as recommended for MCC, 17 by a pathologist who was blinded to CD8ϩ score and patient outcome.
MCC stage was determined using 2010 American Joint Committee on Cancer criteria.
11,13
Statistical Analysis
Gene set enrichment analysis was performed with Resolver software (version 6.0, Rosetta Biosoftware, Seattle, WA). Linear regression was employed to determine correlation between mRNA array and corresponding reverse transcriptase PCR or immunohistochemistry. Disease-specific survival effects were tested with Cox regression and utilized robust SEs. Multivariate models included stage, age older than 65 (yes/no), and sex. Separate models were considered for TILs and CD8 analyses due to concerns of collinearity. CD8 analyses considered intratumoral and peritumoral CD8 scores as continuous variables and did not employ a cut point. Regression analyses were performed with Stata software (StataCorp, College Station, TX). KaplanMeier survival curves were generated for data visualization purposes. For these curves, a preselected cut point of intratumoral CD8 score of 3 was employed. This point corresponded to the score of moderate, and split the six bins into two groups of three bins each.
RESULTS
Good-Prognosis Expression Signature Is Enriched for Immune Response Genes
mRNA expression profiles were obtained from 35 MCC tumors, the clinical details of which are summarized in Table 1 34 patients who had been categorized by prognosis as described in Patients and Methods. Probes were grouped into six bins by the K means algorithm based on expression pattern. Cluster bin 3 displayed the expression pattern of interest (relatively highly expressed in good prognosis patients) and was further investigated through gene set enrichment analysis as indicated. expression (Fig 1) . One cluster of genes (bin 3) contained mRNAs overexpressed in favorable prognosis tumors as compared with moderate and poor prognosis tumors. Both Gene Ontology 18 and Panther 19,20 gene set enrichment analyses of this bin found that genes involved in the immune response were greatly over-represented (expectation values between 10 Ϫ71 and 10
Ϫ112
; Fig 1) . The 30 genes in this cluster (bin 3) most overexpressed in good-(versus poor-) prognosis patients are listed in Table 2 . Prominently represented are genes encoding components of cytotoxic granules (granzymes A, 5.4-fold, B, 6.0-fold, H, 6.3-fold, and K, 5.8-fold), chemokines (CCL19, 4.6-fold), lymphocyte activation genes (SLAMF1, 6.4-fold and NKG2D, 6.2-fold), 21, 22 and ␣ chain of the CD8 receptor (CD8a, 5.0-fold). Affymetrix array data reproducibility was assessed by quantitative reverse transcription PCR for four immune response genes (CD8a, CXCL10, GZMB, IFNG). For all four genes, reverse transcription quantitative PCR findings correlated closely with the mRNA array data (R 2 values: 0.48 to 0.81). Overexpression of RNAs for four granzymes and CD8a (Table 2) suggested that CD8ϩ lymphocytes contribute to the signature associated with good prognosis. Consistent with this hypothesis, known lymphocyte attractant chemokines (CCL5, 4.1-fold), 23 cytokines produced by T-cell activation (IFNG, 4.2-fold), and T-cell receptorassociated genes (CD3E, 4.0-fold, CD8B, 4.2-fold) were also represented in the favorable prognosis signature with increased expression in good prognosis tumors.
Immunohistochemical Corroboration of CD8؉ Lymphocyte mRNA Signature
Archival formalin-fixed, paraffin-embedded materials were available for 20 of 35 specimens represented on the array. The CD8ϩ lymphocyte infiltrate was scored on a 0 to 5 scale (0 absent to 5 strong) both in the tumor center (intratumoral) and at the tumor periphery (peritumoral). Expression of CD8a on the mRNA array was correlated with the combined peritumoral and intratumoral score for CD8 infiltration (R 2 ϭ 0.69; Fig 2) .
Characteristics of 146 Additional Patients With MCC (validation set)
To test whether CD8 infiltrate is a useful prognostic marker in MCC, we employed a validation set of 146 patients with MCC whose clinical details are summarized in Table 1 . These patients were entirely nonoverlapping with the mRNA array group. Patients were annotated using disease-specific survival information with a median follow-up of 25 months among living patients (n ϭ 116). The validation and array sets differed in terms of tumor lesion studied (validation set was mostly primary lesions) and stage at presentation (validation set patients tended to present at earlier stage).
Validation set patients were similar to national registry data 11 in terms of stage at presentation (stage I, II, III, IV: 33%, 22%, 42%, 4%, respectively, in validation v 36%, 22%, 33%, 10% in registry [99% or 101% due to rounding]) and sex (66% male v 61% in registry). However, validation patients were younger than the national average (median 66 years in validation set v 76 years in registry).
Strong Intratumoral CD8؉ Infiltration Observed in 18% of MCC Tumors
Intratumoral and peritumoral CD8 infiltrates were scored separately and semiquantitatively (see Patients and Methods). Of 146 patients with MCC, 39% had no CD8 intratumoral infiltrate, 33% had a score of 1, 10% a score of 2, 12% a score of 3, 3% a score of 4, and 2% received a maximum score of 5 (99% due to rounding). Among the 72% of patients with no or very low CD8 intratumoral infiltrate (intratumoral score of 0 or 1, n ϭ 105), 46% exhibited a prominent stalling phenomenon with high numbers of peritumoral CD8ϩ cells localized along the tumor-stroma border (peritumoral CD8 scores of 3 to 5).
Consistent with other published studies, 4-6,24 MCPyV was detectable by real-time PCR in 75% of validation set tumors with available DNA (n ϭ 53). No relationship was observed between intratumoral CD8 infiltration and virus status (data not shown).
TILs, As Assessed by Standard Histology, Are Not an Independent Prognostic Factor in MCC
Corresponding hematoxylin and eosin slides from 129 of 146 cases were scored for TILs; the remaining 17 could not be assessed due to crush artifact or difficulty distinguishing pyknotic nuclei from lymphocytes. 44 tumors (34%) lacked TILs, 50 tumors (39%) had an infiltrate that was not brisk, and 35 tumors (27%) had a brisk infiltrate.
Consistent with prior reports, 25 TILs were significant on univariate but not multivariate analyses. On univariate analysis, the hazard T cell receptor beta constant 1 NOTE. The 30 genes in cluster bin 3 (Fig 1) most highly upregulated in good prognosis patients as compared with poor prognosis patients are listed in alphabetical order. Fold overexpression ranged from five-to 13-fold.
ratio (HR) associated with the presence of TILs was 0.4 (P ϭ .03; 95% CI, 0.2 to 0.9). MCC-specific survival among patients with TILpositive tumors was modestly improved at 5 years (70% v 55%; Fig  3A) . However, in a multivariate Cox model considering stage, age at diagnosis, sex, and TILs, only stage was significant.
Intratumoral CD8؉ Lymphocyte Infiltration Independently Predicts MCC-Specific Survival
In contrast to standard histologic TILs, intratumoral CD8ϩ lymphocyte infiltration was a statistically significant predictor of outcome on both univariate and multivariate analyses (Table 3 ). The HR associated with each one point increase on the 0 to 5 intratumoral CD8 infiltration scale was 0.5 and was statistically significant (95% CI, 0.5 to 0.7, P Ͻ .01). The 26 patients with MCC (18%) with intratumoral CD8 infiltrate scores of 3 to 5 on the scale (greater than approximately 60 CD8ϩ cells per typical high powered field) had 100% diseasespecific survival at 5 years after diagnosis. This compared with 60% survival among the remaining 120 patients with intratumoral CD8 scores of 0 to 2 (Fig 3B) . Furthermore, in both multivariate Cox regression and subgroup Kaplan-Meier analyses, CD8ϩ infiltrate distinguished outcomes among patients with MCC of the same stage (Table 3 and Fig 3C) . Other factors predictive of survival on univariate and multivariate analysis included stage III disease (regional) versus stage I (local, Յ 2 cm), and stage IV disease (metastatic) versus stage I. Lacking prognostic significance in this cohort were sex, age at diagnosis, and stage II disease (local Ͼ 2 cm, versus stage I). Additionally, the degree of peritumoral CD8 infiltration was also not significantly associated with outcome (Table 3 ).
DISCUSSION
The current staging for the aggressive skin cancer MCC relies solely on disease size and extent of spread, with no biomarkers recommended for collection.
11,13 To develop new prognostic markers, as well as gain insight into MCC biology, we undertook an unbiased expression profiling approach. The set of genes highly expressed in goodprognosis tumors was enriched for immune response genes, particularly those expressed by CD8ϩ lymphocytes. In an independent set of 146 tumors, intratumoral but not peritumoral CD8ϩ infiltration was independently predictive of MCC-specific survival.
The association of immune response genes and prognosis is concordant with recent studies in other cancers such as melanoma 26 and colon cancer. 27 Furthermore, this observation is consistent with the clinical association between cellular immune suppression and MCC: persons with any of several forms of T-cell immune suppression are at greater than 10-fold increased risk of MCC. 1, 28, 29 Overexpression of CD8␤ and CD3E in tumors from patients with good prognoses suggests that CD8ϩ T cells (rather than natural killer [NK] cells) are the major infiltrating cell type. Direct assessment of NK infiltration was not feasible because greater than 90% of MCC tumors express CD56, 30,31 the best immunohistochemical marker for NK cells. Interestingly, a CD8ϩ T lymphocyte cellular defense is critical for eliminating mouse tumors persistently expressing the SV40 polyomavirus T-antigen oncoprotein 32 (this model is relevant to MCC biology since most MCC tumors persistently express MCPyV oncoproteins).
33
In the validation set, patients presenting with local-only disease tended to have brisk intratumoral CD8ϩ lymphocytes more often than those presenting with regional disease (23% v 10%, not significant). However, CD8ϩ infiltration did not merely track with stage, but also added additional prognostic information to both of these subgroups and was significant on multivariate analyses that included the current MCC stages.
13
In contrast, TILs as assessed by routine histology did not independently predict disease-specific survival in two studies of more than 100 patients with MCC 25 (and this study). At least two factors may be relevant in explaining these differences. The first relates to the current definition of TILs for both MCC and melanoma, which includes both peritumoral and intratumoral lymphocytes. 17 Indeed, the findings in this study suggest that intratumoral lymphocytes are relevant for MCC outcome, whereas peritumoral lymphocytes are not. This is also true for other cancers, such as ovarian cancer and colon cancer. 27, 34 Second, immunohistochemical CD8ϩ evaluation may be more sensitive and specific for identification of TILs than routine histology. This is because T cells can sometimes be indistinguishable from MCC tumor cells using hematoxylin and eosin staining.
This study has several limitations despite the fact that it is both the largest molecular and immunohistochemical examination of MCC yet reported, to our knowledge. The median age of the patient population (66 years) was younger than that for MCC nationally (76 years). 3, 11 This may in part reflect the fact that patients in this cohort were ascertained because they sought specialty care or information/ (Table 3 ). (C) Subgroup breakdown of (B), by extent of disease at presentation (as indicated). Extent of disease at presentation was not known for two patients. Statistical analysis was not performed on subgroups; instead, multivariate Cox regression is listed in Table 3 . research participation via the Internet. In these regards, this population is not fully representative of the overall population of patients with MCC; however, it is not clear how these biases would affect the observed survival benefit of CD8 infiltration. A second limitation is that our study was designed and powered to address whether CD8 infiltration adds prognostic information to a four-category staging system rather than to the new staging system with eight substages.
11,13
These new substages include microscopic versus clinical-only evaluation of nodal status. Although a larger prospective follow-up study will be required to resolve this issue, a subset analysis of validation set patients with sufficient data (n ϭ 115) suggests that CD8 infiltration is a significant predictor of outcome even when substage is considered (Appendix Table A1 , online only). These results demonstrate a strong association between MCC prognosis and the extent of intratumoral CD8ϩ infiltration, a readily assessed biomarker that provides useful additional survival information beyond the newly adopted MCC staging system. 11,13 Future studies may extend these observations by further characterizing the effector lymphocyte response against MCC and investigating rational immunotherapy for this cancer. 
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